In this study, the applicability of tsunami force estimation formula for a three-dimensional structure such as tsunami evacuation building is discussed. For the different values of blockage ratio, structure interaction with tsunami, generated using dam break scenario, was examined. It was found that the tsunami action mechanisms for both two-dimensional and three-dimensional cases are quite similar and tsunami force acting on the structure reaches its maximum concurrently with the maximum tsunami inundation depth in front of the structure. Further, wave pressure distribution indicated a closer profile to the hydrostatic pressure distribution. The applicability of the suggested formula to estimate the tsunami force acting on a three-dimensional structure is verified.
BACKGROUND AND OBJECTIVES
As a result of tsunami caused by the Tohoku-Pacific Ocean earthquake, catastrophic damage was observed in both lives and coastal infra-structure. In high populated coastal plain areas, time needed for the complete evacuation under tsunami threat becomes a critical factor, especially when tsunami source is close to the coast. Therefore, it is essential to apply artificial evacuation structures like evacuation buildings and towers 1) . According to the existing tsunami evacuation building design guidline 2) , in the estimation of the tsunami force acting on the building, current practice is to use hydrostatic pressure distribution considering three times the height of tsunami inundation depth at the location of the building without the existence of the building. The validity of this estimation method was confirmed by the experimental study by Asakura et al. 3) and by following studies 4) . Meantime several other studies 5) , 6) have suggested that the above method underestimates the actual force, which demands further analysis on tsunami force estimation. Furthermore, a study of Asakura et al 3) assumes infinite width for the structure, and result could have been different for a three-dimensional structure due to the variations in tsunami flow mechanism around the structure. There is a lack of studies in evaluation of the applicability of above mentioned tsunami force estimation method for such cases. This study was conducted with the aim of assessing the applicability of this existing approach to estimate the tsunami force acting on a three-dimensional building and discuss the differences in tsunami acting mechanism for two-dimensional and three-dimensional cases. 
NUMERICAL STUDY (1) Governing equations
Three-dimensional numerical model developed by Lee et al. 7) was used for numerical analysis. In the model, liquid and gas phases are considered to be immiscible and continuity (1) and modified Navior-Stokes (2) equations are used as governing equations, while free surface is determined by advection equation (3) which incorporates VOF method.
where, V : velocity vector，
: source term required to generate wave，q : flux density at wave source position (x=x s )，t : time，p : pressure，ρ w : fluid density，ν w : kinematic viscosity coefficient，E : strain rate tensor，τ : sub-grid stress vector，F b : body force such as gravity and surface tension，γ : wave dissipation factor which equals to zero except in the added dissipation zone． (2) Calculation domain Fig.1 shows the calculation domain for the study. Considering its symmetry, only half of the domain was considered in the calculation and computational grid sizes were selected as ⊿x=1~2cm，⊿y=1~2cm，⊿z=1~2cm while allowing finer grid around the structure. Tsunami was generated using dam break scenario with the variation of offshore water depth H 1 and nearshore water depth H 2 as shown in Table- 1, for six wave conditions. At the same time five cases of B/W (blockage ratio) were considered (Table-2) while B and W represent width of the structure and width of the channel respectively.
COMPARISON OF TWO-DEMENSIONAL AND THREE-DIMENSIONAL CONDITIONS (1) Verification of re-producibility
The results of the two-dimensional experimental study conducted by Ikeno et al. 8) (similar with Case2) were used to verify the re-producibility of the employed numerical model. Fig.2 shows the comparison of experimental and calculated results for wave heights at W1~W4 wave gauge locations ( Fig.1 ), for Wave 3 condition. From the figure it can be observed that numerical model re-produces the offshore wave heights at W1 and W2 accurately. Meanwhile, comparing the results at the W3 and W4 it can be observed that the numerical model shows a slight deviation at the time of impact, but shows good agreement for the rest. In the current study major attention was paid upon the estimation of maximum tsunami force acting on the building, which is appeared to occur after a significant time of the initial impact. Therefore, it minimizes the effect of possible under estimation of impact force.
(2) Wave run-up characteristics
This section discusses the results based on Case1, in which the structure is not installed. Fig.3 shows the flow velocity in x-direction at z = 1cm under different wave conditions, and temporal variation of flow profile, at the location of W4. A smooth variation can be observed from the figure. Further, flow characteristics show no variation with respect to the value of H 2 for the same value of H 1 , while the arrival time of tsunami decreases with the increase of H 1 . At the same time, high values of flow velocity at the tsunami front, appears to be decreased with time. It is also evident that the arriving velocities at the impact location are significantly affected by the variation of H 1 , and increase for the smaller values of H 2 . In order to estimate the Froude number (4) for each time step, η g was calculated and plotted against the velocity u as shown in Fig.4 . In the figure the gradient of the each straight line starts from the origin gives the Froude number for the particular points on the line.
From the figure, at the time of initial impact, high Froude number values can be observed due to lower flow depth and higher velocities, which decrease over time as flow velocity drops and flow depth increases. Value of the Froude number continues to decrease further as flow depth and velocity drop down with time. It is also evident from the figure that, even though the effect of H 2 is insignificant in the subcritical condition of the flow, it has a significant influence in the supercritical region of the flow.
(3) Effect of the blockage ratio on the flow mechanism Fig.5 shows the temporal variation of water profile, acting external force and moment on the structure, for Wave 3 condition. Water surface profile is measured at in front of the structure and the external force and moment are measured along the vertical centerline of the structure considering a unit width, while considering the tsunami pushing in x-direction around horizontal axis at the ground level as positive in moment calculation. It is observed from Fig.5 that each hydraulic characteristic increases its vale with the increment in blockage ratio. Further, when water level in front of the structure reaches its maximum (except the splash at the initial impact), it can be seen that acting external force and overturning moment also reach to their maximum values (region of red strip in the figure ). In addition, since a similar trend is observed when compare Case2 results with the results for Case3~5, the tsunami acting mechanism in two-dimensional simulation appeared to be without significant change from the three-dimensional simulation. With these observations it can be confirmed that, regardless of the condition whether the tsunami flow is allowed to pass by the structure or not, the maximum force on the structure occurred at the time of flow depth in front of the structure reaches its maximum. Even though, the results dis- cussed here are curtailed to Wave3 condition due to space limitation, it should be mentioned that similar trend was observed in results for rest of the cases.
(4) Wave pressure distribution analysis
The vertical distribution of the dimensionless wave pressure distribution at the occurrence of maximum wave force is shown in Fig.6 . Here, the vertical axis represents the dimensionless height, which the height of pressure action (z) divided by the maximum inundation depth in front of the structure (η h ) obtained from Case1. Meanwhile, horizontal axis represents the dimensionless wave pressure, which the wave pressure acting on structure measured along the centerline, divided by ρgη h . It can be observed from the figure that the dimensionless pressure distribution has a similarity with hydrostatic triangular pressure distribution. In addition, it shows no variation with respect to the initial wave condition and especially to the change in nearshore water depth H 2 . At the same time, dimensionless pressure appeared to be increased when blockage ratio increases. This behavior can be explained as a result of limiting the ability of incoming tsunami to pass the structure by its sides with increasing the blockage ratio, which enhance the flow action on the front face of the structure.
As it is shown in Fig.7 , the hydrodynamic pressure acting on the structure is calculated by taking the difference of, total pressure acting on the structure at the occurrence of maximum wave force and the hydrostatic pressure with respect to the flow depth at the particular moment. Fig.8 shows the variation of non-dimensional hydrodynamic pressure against the nondimensional flow depth, where p' denotes the hydrodynamic pressure. The total pressure value for Case2 appeared to be slightly lower than the hydrostatic component, because of the negative value of hydrodynamic pressure, in the figure. Further, since the absolute value of p'/ρgη h close to 0.2 is comparatively smaller than the related value for the dimensionless wave pressure in Fig.6 , it can be understand that the hydrostatic pressure component is dominant when compare to the hydrodynamic component, at the time of maximum wave force acting on the structure.
(5) Relationship between blockage ratio and maximum tsunami force Fig.9 shows the relationship between tsunami force and the maximum inundation depth of the tsunami run-up (from Case1). An approximation curve is plotted for each blockage ratio, as it is described in the figure. The increase of the tsunami force acting on the structure with the increase in blockage ratio can be confirmed from the figure. Also, for all the blockage ratios, rise in wave force can be observed with the increase of maximum inundation depth. It is noticed that the acting force is approximately proportional to the η 2 h while it is η 3 h for the overturning moment. Further, Fig.10 shows the relationship between tsunami force and the maximum inundation depth for each case of η b measured in front of the structure.
An approximate relationship for the whole distribution is derived and shown in the figure. It can be noticed that the relationship is independent from the blockage ratio and the tsunami force acting on the structure increases with the increase of flow depth in front of the structure. Further, acting force is approximately proportional to the η 2 b while it is η 3 b for the overturning moment. With use of this relationship, the acting tsunami force on the structure can be directly estimated for a known value of inundation depth in front of the structure. Here, the increase of wave fore with the increase of blockage ratio which discussed in the previous section is included as a factor of fluctuation of water level in front of the structure.
(6) Study of pressure distribution in width direction
The wave pressure distribution for each blockage ratio is shown in Fig.11 , for the time of maximum wave force acting on the structure. From the figure it can be seen that the pressure distribution is uniform in horizontal direction for the Case2. Even though a slight decrease in pressure is observed at the edge of the structure for other cases, overall it is safe to state that the pressure distribution is uniform in horizontal direction. Further, it can be seen that the flow depth which causes the maximum wave force, is increasing with the increased blockage ratio.
(7) Proposed Horizontal wave pressure index
As described in the previous sections, since the contribution of hydrodynamic pressure to the total pressure is small regardless of the blockage ratio, the wave pressure distribution on the structure becomes closely similar to the hydrostatic pressure distribution. Therefore, once the Horizontal wave pressure index for each blockage ratio α i (the intercept values of the each case shown in Fig.6 ) and the maximum inundation depth without the structure is known, it can estimates the tsunami force acting on the structure. The relationship between α i which obtained in numerical study and blockage ratio B/W is shown in Fig.12 . Assuming a linear variation of α i against B/W, a relationship as shown in the figure was obtained. Further, considering the value of α i in the twodimensional (B/W=1) case α as basis, a relationship between blockage ratio and α i was obtained as shown in (5) . Here, β is the correction factor for wave pressure reduction due to blockage ratio. This relationship was applied to the formula derived by Asakura 3) in order to obtain the tsunami force applied in a three-dimensional case, which is shown as in (6) .
It should be noted that in the derivation of (6), the wave pressure distribution in the horizontal direction was assumed to be uniform. The comparison of the tsunami force estimated from the above modified equation, and the maximum tsunami force measured in the experiment is shown in the Fig.13 . Even though, both tsunami force and overturning moment appeared to be slightly overestimated from derived method, they lie on the safe side and hence prove their applicability in practice. The slight deviation between practical and estimated values occurs due to the ignorance of the effect of hydrodynamic pressure component in the estimation of α for twodimensional case (from Fig.6 ), which can leads to a slightly larger wave pressure value than in practice.
CONCLUSIONS
1) Tsunami force acting on the structure increases with the blockage ratio, which is caused due to the rise of water level in front of the structure with the increase of blockage ratio. 2) Vertical wave pressure distribution for both twodimensional and three-dimensional cases is closer to triangular distribution profile. Through the estimation of hydrodynamic pressure component, it was confirmed that the effect of flow velocity is minimum in the estimation of maximum wave force.
3) The acting wave pressure distribution in the horizontal direction is confirmed to be closely uniform even in the threedimensional case. 4) To estimate the maximum tsunami force acting on the structure which is observed at the subcritical stage of the flow, blockage ratio and horizontal pressure index were introduced. Tsunami force estimation formula was suggested which inclusive of blockage ratio, and its practical applicability and effectiveness was discussed.
